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applications as liquid sensors. The use of the symmetry reduction technique allows introducing
relevant transmission features inside bandgaps by creating defect modes in a periodic regular
structure. These features can be used as measures to quantify changes in the speed of sound of
liquid samples that could be related to the concentration of analytes or the presence of pathogens
among other interesting applications. In order to be able to implement this new technology in more
challenging applications, such as biomedical applications, it is necessary to have a very precise
and accurate measurement. Changes in temperature greatly affect the speed of sound of the liquid
samples, causing errors in the measurements. This article presents a phononic crystal sensor that,
by introducing additional defect modes, can carry out differential measurements as a temperature
compensation mechanism. Theoretical studies using the transmission line model and analytes at
various temperatures show that the proposed temperature compensation mechanism enhances the
performance of the sensor in a significant way. This temperature compensation strategy could also be
implemented in crystals with different topologies.
Keywords: differential measurement; temperature compensation mechanism; phononic crystal;
point of care test; transmission line model
1. Introduction
Phononic crystals (PnCs) are periodic composite materials with a spatial modulation of their
acoustic properties. This feature allows PnC to selectively control the transmission of acoustic and
elastic waves in liquids and solids respectively. One interesting feature of PnCs is the formation of
bandgaps, which are frequency ranges over which acoustic and/or elastic mechanical waves are not
transmitted. The most important properties to be taken into account when designing phononic crystals
are geometry and the acoustic impedance of the constituent materials [1,2].
Due to the unique capability exhibited by phononic crystals to control the transmission of waves,
scientists have presented a variety of interesting applications among which are: waveguides, acoustic
super lenses, multiplexing/de-multiplexing systems, acoustic cloaking structures, and more recently,
sensors [3–5].
PnC sensors can be designed using the symmetry reduction technique. This technique relies on
the introduction of defects in an otherwise regular PnC structure to generate resonant modes inside
Abstract: Phononic crystals are resonant structures with great potential to be implemented in
bandgaps. These modes provide a unique sensor signal due to their resonance frequency being linked
to the acoustic properties of liquid samples under test. Point, line, or plane defects can be used to
generate relevant transmission features in PnC sensors. The material composing these defects is usually
the analyte, thus, becoming also a constituent element of the phononic crystal structure. The resonance
modes located inside the bandgap, also called defect modes, are usually found as maximums of
transmission well elevated above ground noise and well separated from other transmission features
like the borders of bandgaps, who help generating adequate boundary conditions for measuring the
characteristics of these peaks [6].
It has been previously shown, both theoretically and experimentally, that the resonance
frequency of the cavity mode generated by the disruption of the periodicity in one-dimensional
and two-dimensional PnCs is linked to the relevant acoustic material properties of the analyte [7–11].
Recent experimental realizations showed that the sensitivity of the speed of sound of liquid mixtures
is appropriate to analyze mixtures in real applications [12,13].
There are many groups currently working on PnC sensors and some of the most interesting
applications of this new technology are the measurement of the concentration of analytes in complex
mixtures or the conversion rate in micro-reactors. Other interesting applications are the performance
of point of care testing due to the portability of the technology [5–11,14–16].
The simulation of resonant structures and especially of phononic crystals can be performed using
diverse numerical methods like the finite difference time domain (FDTD), the plane wave expansion
(PWE) method, and layer multi-scattering theory (LMST) among others [17–19].
Multi-layered phononic crystals, like the structure presented by Villa-Arango et al. [9], are crystals
whose simulation can also be performed using simulation methods that use a lateral miniaturization
of the structure, like the transmission line model, TLM [20]. This method has been widely used to
simulate resonant structures and even phononic crystal sensors showing accurate results despite the
use of a 1D model [5,21,22].
The TLM is based on an acoustic transmission line derived from an electrical transmission line by
using an analogy between the electrical impedance and the acoustic impedance. The model simulates
the transmission of longitudinal waves through semi-infinite media and calculates the transmission
and reflection coefficients by using the cumulative effective acoustic impedance, ZL. It is important to
notice that the effective acoustic impedance, which depends on the frequency, f, and the dimensions
of the layers, e, is different from the characteristic acoustic impedance of the material, Zc, which is
equal to the density, ρ, multiplied by the speed of sound of the material c. Equation (1) shows how the
calculation of the effective acoustic impedance throughout each layer, i, of the crystal is performed.
The concept considers the reflection and transmission of waves not only at the interfaces between
layers, but also inside each one of them [20].
ZL(i+1) = Zc(i)
ZL(i) + jZc(i) tan(2pi f e/c)
Zc(i) + jZL(i) tan(2pi f e/c)
, (1)
One of the great challenges when working with liquid samples is that their properties vary in
a significant way when ambient conditions are not stable, especially with a fluctuating temperature.
Bulky temperature control systems have been implemented as a solution, however, these systems
cannot be used in applications where portability is mandatory, like in point of care testing or other
field applications. Bilanuk et al. showed the effect that temperature, T, has in the speed of sound, c,
of distilled water, Equation (2) [23,24].
c = 1.40238744× 103 + 5.03836171T − 5.81172916× 10−2T2 + 3.34638117× 10−4T3−
1.48259672× 10−6T4 + 3.16585020× 10−9T5, (2)
Different alternatives to mitigate the effect of temperature without using bulky temperature
control systems have been proposed. The use of differential measurements has been one of the most
effective solutions. They use a second signal and a reference with known properties that allows
compensation for the effect of temperature. The advantage of using these devices is that any external
influence of pressure, or temperature, among others, will affect both the reference and the sample.
Kaya et al. recently developed a theoretical study about an acoustic phononic crystal Mach–Zender
interferometer with two signal paths, one for the reference and one for the sample and could be used
as a temperature compensation mechanism [25].
This article presents a phononic crystal sensor with a temperature compensation mechanism that
allows performing differential measurements. The PnC was designed using three defect modes instead
of one like previous approaches. The differential PnC sensor presented in this article uses a single
wave path for obtaining the information about the temperature and the analyte which facilitates the
development and implementation of new sensors since all the information needed for characterising
the liquid sample and compensating the temperature is contained in a single frequency spectra.
2. Materials and Methods
The PnC sensor presented on this work is comprised of a series of consecutive thin layers
with different acoustic properties. The spatial modulation of the acoustic properties allows it to
exhibit a wide bandgap. For the generation of the relevant characteristic features that are used in the
measurement of the acoustic properties of the liquid samples the technique of symmetry reduction
was used. A total of three defect modes were introduced into the crystal by altering the dimensions of
the three central liquid layers. The designed structure can be observed in Figure 1. The central layer
is composed by the analyte, while the two adjacent liquid layers are filled with a reference material.
The dimensions of the reference and central layers were calculated using distilled water, therefore,
making the three layers equal. The properties of the materials of each layer, as well as their dimensions,
are shown in Table 1.
Table 1. Material properties of the PnC sensors used.
Layer # Thickness (mm)PnC Sensor
Thickness (mm)
Control Sensor Material ρ (Kg/m
3) c (m/s)
1 - - PZT 1 7500 3333
2 0.187 0.187 Water 998 1483
3 0.715 0.715 Glass 2200 5720
4 0.187 0.374 Water 998 1483
5 0.715 0.715 Glass 2200 5720
6 0.374 0.374 Analyte/Water 998 1483
7 0.715 0.715 Glass 2200 5720
8 0.187 0.374 Water 998 1483
9 0.715 0.715 Glass 2200 5720
10 0.187 0.187 Water 998 1483
11 - - PZT 1 7500 3333
1 The layer thickness of the PZT layers is considered as semi-infinite for the simulation.
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Figure 1. Differential phononic crystal sensor designed with three defect modes. Figure 1. Differential phononic crystal sensor designed with three defect modes.
The differential PnC sensor was studied numerically using the transmission line model,
TLM. This method was selected due to its performance on multi-layered structures. The TLM
delivers the reflection and transmission coefficients of structures composed of thin isotropic layers.
These coefficients are used to follow the frequency of characteristic transmission features generated by
the technique of symmetry reduction on the frequency response of the sensor. To calculate the effective
acoustic impedance of each layer, a program was coded in the mathematical software, MATLAB.
The parameters used in the simulations are the properties of the layers (density, speed of sound,
and layer thickness), the properties of the frequency sweep (initial frequency, steps, and step value)
and finally the temperature at which the simulation is performed.
The speed of sound of the materials is closely related to the temperature, therefore, the value of
the speed of sound of the layers composed of distilled water is adjusted using the equation described
by Bilanuk et al. Equation (2).
To be able to compare the results and observe the benefits obtained with the proposed differential
PnC sensor, the simulation of an additional control sensor, Figure 2, was performed. The properties of
the layers of the structure of the control PnC sensor are shown in Table 1. The control PnC sensor was
designed using only one defect mode instead of three.
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A theoretical study was performed to evaluate the behaviour in frequency of the differential 
phononic crystal sensor designed. Each simulation was realised using the same parameters for the 
control PnC sensor and the differential PnC sensor. Distilled water was used as analyte and the 
response of both sensors was compared, paying special attention to the transmission maximums 
present in the centre of the bandgap, since these are the ones that carry the most relevant information 
about the changes in the speed of sound of the analyte. Temperature ranges going from 3 °C to 43 °C 
were used to evaluate the impact of temperature on the frequency spectrum of the structures. The 
formula of Bilanuk et al. Equation (2) was used to calculate the speed of sound of distilled water at 
the different temperatures of the study. Both crystals have a working frequency around 2 MHz, 
therefore, the initial frequency selected to perform the studies was 100 KHz, with steps of 1 Hz. 
Attenuation and losses were not included in the simulations because the aim of the study was to 
determine the impact of temperature on the frequency of relevant transmission features and how the 
temperature compensation mechanism could help improve the performance of the sensor.  
3. Results and Discussion 
Figure 3 shows the frequency response of the control (a) and differential (b) PnC sensors at room 
temperature. The results of the computational simulation using the transmission line model show a 
well-defined bandgap on both sensors, ranging from 500 KHz to 3.5 MHz, resulting in a good 
bandwidth of 3MHz. The transmission spectrum of the control sensor structure has a maximum 
transmission located in the centre of the rejected band, while the frequency response of the 
differential sensor structure has three transmission maximums instead of one. The response 
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theoretical study as perfor ed to evaluate the behaviour in frequency of the differential
phononic crystal sensor designed. Each si ulation as realised using the sa e para eters for the
control PnC sensor and the differential PnC sensor. Distilled ater as used as analyte and the
response of both sensors as co pared, paying special attention to the trans ission axi u s
present in the centre of the bandgap, since these are the ones that carry the ost relevant infor ation
about the changes in the speed of sound of the analyte. Temperature ranges going from 3 ◦C to
43 ◦C were used to evaluate the impact of temperature on the frequency spectrum of the structures.
The formula of Bilanuk et al. Equation (2) was used to calculate the speed of sound of distilled
water at the different temperatures of the study. Both crystals have a working frequency around
2 MHz, therefore, the initial frequency selected to perform the studies was 100 KHz, with steps of
1 Hz. Attenuation and losses were not included in the simulations because the aim of the study was to
deter ine the i pact of te perature on the frequency of relevant trans ission features and how the
te perature co pensation echanis could help i prove the perfor ance of the sensor.
lt
t r . The results of the computational simulation using the transmission line model show
a well-defined bandgap on both sensors, ranging from 5 0 KHz to 3.5 Hz, resulting i
i t The trans ission spectru of the tr l r t r
transmission located in the centre of the rejected band, while the frequency response of the differential
sensor structure has three transmission maximums instead of one. The response presented by both
sensors shows that when using the symmetry reduction technique, transmission maxima are generated
within the rejected band, as already shown in previous studies [9], however, it is interesting to note
that the use of three defect modes with the same characteristics generates three maxima in the center
of the band.
The transmission maxima generated by the disruption in the symmetry of the PnC structure
present a high-quality factor. This is mainly due to the effect exerted by the rejected band on them.
Although the glass used in the solid layers of the PnC does not have an acoustic impedance as high as
steel or other common solids, the impedance ratio between glass and distilled water is high enough to
generate a bandgap with good depth and bandwidth.
The temperature compensation mechanism relies on the measurement of the frequency of the
three transmission maxima observed at the centre of the bandgap of the differential sensor, Figure 3b.
The design of these sensors is made so that only one of these three peaks is affected by the variations
in the speed of sound of the analyte. This is achieved by introducing three defects and filling only
one of them with the analyte, leaving the other two with a known material. In this case, distilled
water. The peaks that are not sensitive to the changes in the analyte layer are used as a reference, thus,
enabling the performance of differential measurements.
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Figure 4. Behaviour of the speed of sound of distilled water (a) and the frequency of the central peak 
of the control phononic crystal (b) when temperature is varied from 3 °C to 43 °C.  
By increasing the temperature at which the simulations are performed, the speed of sound in 
distilled water increases from 1416 m/s to 1533 m/s, which causes the relevant transmission maxima 
to move towards higher frequencies in the spectrum. 
Figure 5 shows the effect that a change of 1 °C would have in a test in which it is required to 
identify a variation of 1 m/s in a liquid sample using the control sensor shown in Figure 2. Increasing 
the speed of sound by 1m/s makes the peak displace itself in frequency by 1.182 kHz. Further 
increasing the temperature by 1 °C makes it go to higher frequencies, displacing itself by another 
3.353 KHz. The quality factor of the central transmission maxima is good, which makes it easy to 
identify and quantify small changes in frequency, however, a change of only 1 °C, generates great 
Figure 3. Simulation results using the TLM of the tr l sensor (a) and the differ ntial PnC
sensor (b). Distilled water was used as analyte.
Changes in temperature significantly affect t e s ee f s nd of distilled water, causing the
relevant frequency characteristics in PnC sensors to shif in freque cy. Figure 4 shows how temperature
variations ranging from 3 ◦C to 43 ◦C are related to the speed of sound of the analyte (a) and he
frequency of the central maxima of transmission of the control PnC sensor (b).
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Figure 4. Behaviour of the speed of sound of distilled water (a) and the frequency of the central peak
of the control phononic crystal (b) when temperature is varied from 3 ◦C to 43 ◦C.
By increasing the temperature at which the simulations are performed, the speed of sound in
distilled water increases from 1416 m/s to 1533 m/s, which causes the relevant transmission maxima
to move towards higher frequencies in the spectrum.
Figure 5 shows the effect that a change of 1 ◦C would have in a test in which it is required to identify
a variation of 1 m/s in a liquid sample using the control sensor shown in Figure 2. Increasing the
speed of sound by 1 m/s makes the peak displace itself in frequency by 1.182 kHz. Further increasing
the temperature by 1 ◦C makes it go to higher frequencies, displacing itself by another 3.353 KHz.
The quality factor of the central transmission maxima is good, which makes it easy to identify and
quantify small changes in frequency, however, a change of only 1 ◦C, generates great difficulties in
identifying these changes, since its influence in the frequency position of the transmission maxima is
almost three times greater than that of a change of 1 m/s.
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Figure 6. (a) Influence of changes in the speed of sound of the analyte layer (a) and the temperature 
(b) on the relevant transmission peaks of the differential PnC sensor. 
Figure 6b shows how, by varying the temperature from 3 °C to 43 °C, the frequency position of 
the transmission maxima was steadily increased, including the central transmission maximum. This 
behaviour allows the use of the central maximum, which is sensitive to changes in temperature, but 
not to changes in the properties of the analyte, as a reference to perform differential measurements 
and thus to have a temperature compensation mechanism. 
It is important to note that although in Figure 6a the central maxima appear to be stable at  
2 MHz over the entire range of sound velocities that were interrogated, it actually undergoes small 
frequency changes that can induce small errors in the measurement if they are not taken into account. 
It is also important to note that the increase in the frequency of the three central transmission maxima 
related to changes in the temperature, Figure 6b is not the same, so it must also be taken into account 
in the calculation of the properties of the analyte under test. 
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the differential PnC sensor proposed in this work was analysed. I ord r to observe the perfo manc
of the temp ratur co nsation mechanism in the differential sensor, two simulations were c rried
out. The first simulation was re lised performing a variation of the speed of sound in the analyte
layer, Figure 6a. The second simulation, F gure 6b, was performed by changing only the temperatur ,
assuming that the analy e does not undergo further va iations.
l f s f the analyte.
, the other two transmission maxima suffer significa t v riations in frequency, which increase
magnitude as the lateral maxima ove away from the central one. It is very inter sting to observe
how th behaviour of the two peaks that accompany the central peak is asym totic with respect to the
frequency response of the central peak of the control PnC sensor, Figure 7.
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( ) ( )
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t  tr s issi  i  s st il  i cr s , i cl i  t  c tr l tr s issi  i . is 
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r l t  t  c s i  t  t r t r , i r   is t t  s , s  it st ls   t  i t  cc t 
i  t  c lc l ti  f t  r rti s f t  l t  r t st. 
Figure 6. (a) Influence of changes in the speed of sound of the analyte layer (a) and the temperature (b)
on the relevant transmission peaks of the differential PnC sensor.
Figure 6b shows how, by varying the temperature from 3 ◦C to 43 ◦C, the frequency position
of the transmission maxima was steadily increased, including the central transmission maximum.
This behaviour allows the use of the central maximum, which is sensitive to changes in temperature,
but not to changes in the properties of the analyte, as a reference to perform differential measurements
and thus to have a temperature compensation mechanism.
It is important to note that although in Figure 6a the central maxima appear to be stable at 2 MHz
over the entire range of sound velocities that were interrogated, it actually undergoes small frequency
changes that can induce small errors in the measurement if they are not taken into account. It is also
important to note that the increase in the frequency of the three central transmission maxima related
to changes in the temperature, Figure 6b is not the same, so it must also be taken into account in the
calculation of the properties of the analyte under test.Sensors 2017, 17, 1960 7 of 8 
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cavity of the structure, showing the effectiveness of the use of the symmetry reduction technique for 
the design of sensors with phononic crystals. Only the central cavity was filled with analyte, 
maintaining the two adjacent cavities as a reference, which allowed to make the central transmission 
maxima sensitive only to changes in temperature but not to those of speed of sound in the analyte. 
The temperature compensation mechanism used enables the realization of differential measurements 
with a single signal path. This facilitates the use of this sensor in applications where temperature 
control is a problem, such as conducting point of care tests at home or in the field. 
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4. Conclusions
A PnC liquid sensor with a temperature co pensation mechanism by means of differential
measurements was studied.
The PnC structure has three resonant defect modes. These modes are due to the breaking of the
structural periodicity or translation symmetry of the PnC by three defect layers. The three peaks are
located within the phononic bandgap and are very sharp in shape, indicating strongly localized defect
modes. The behaviour of the system is very consistent with the 1D Fabry–Pérot cavity behaviour.
The introduction of three defect modes instead of one causes the modes to have energy transfer
between them. This interaction between modes or mode coupling splits the single peak into three
new resonances around 2 MHz. When the properties of one of the three defect layers are varied the
symmetry of these three defect mode resonances is disrupted a d the p aks displace themselves in
frequency. The avoid crossing behavi ur is due to th energy transfer between modes critically slowing
down the displacement of the peak that comes closer to the central maxima located at 2 MHz.
The working principle of the differential PnC sensor is performing a frequency tracking of three
transmission maxima located at the centre of the bandgap. The introduction of these defect modes
allows following the changes in the speed of sound that occur in the liquids contained in the central
cavity of the structure, showing the effectiveness of the use of the symmetry reduction technique
for the design of sensors with phononic crystals. Only the central cavity was filled with analyte,
maintaining the two adjacent cavities as a reference, which allowed to make the central transmission
maxima sensitive only to changes in temperature but not to those of speed of sound in the analyte.
The temperature compensation mechanism used enables the realization of differential measurements
with a single sig al path. This facilitates the s of this sensor in applications where temperature
control is a problem, such as conducting point of care t sts at home or in the field.
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